Desert mine tailings may accumulate toxic metals in the near surface centimeters because of low water through-flux rates. Along with other constraints, metal toxicity precludes natural plant colonization even over decadal time scales. Since unconsolidated particles can be subjected to transport by wind and water erosion, potentially resulting in direct human and ecosystem exposure, there is a need to know how the lability and form of metals change in the tailings weathering environment. A combination of chemical extractions, X-ray diffraction, micro-X-ray fluorescence spectroscopy, and micro-Raman spectroscopy were employed to study Pb and Zn contamination in surficial arid mine tailings from the Arizona Klondyke State Superfund Site. Initial site characterization indicated a wide range in pH (2.5-8.0) in the surficial tailings pile. Ligand-promoted (DTPA) extractions, used to assess plant-available metal pools, showed decreasing available Zn and Mn with progressive tailings acidification. Aluminum shows the inverse trend, and Pb and Fe show more complex pH dependence. Since the tailings derive from a common source and parent mineralogy, it is presumed that variations in pH and ''bio-available" metal concentrations result from associated variation in particle-scale geochemistry. Four sub-samples, ranging in pH from 2.6 to 5.4, were subjected to further characterization to elucidate micro-scale controls on metal mobility. With acidification, total Pb (ranging from 5 to 13 g kg À1 ) was increasingly associated with Fe and S in plumbojarosite aggregates. For Zn, both total (0.4-6 g kg
Introduction
Because of low water through-flux combined with episodic wetting and drying, desert sulfide mine tailings may accumulate toxic metals in weathering products, such as sulfate salts and mixed-valence hydrous oxides (Jambor, 1994) . During rainwater infiltration, solid-phase dissolution releases metals to solution along a reaction path that depends on mineral solubility dynamics (Blowes et al., 2005) . Sulfide mineral oxidation results in formation of sulfate solids, including gypsum and jarosite, early in diagenesis, and this incongruent dissolution controls dissolved SO 4 concentration (McGregor et al., 1998; Johnson et al., 2000; Romero et al., 2007) . As shown by Jambor and co-workers, protons released from sulfide oxidation are consumed through a consecutive series of gangue mineral dissolution reactions (first calcite, then silicates, then oxides), which, as a result of the relative rates of sulfide and gangue mineral weathering reactions, leads to a progressive tailings acidification (Jambor, 1994; Blowes et al., 2005) .
In humid climates, soluble sulfate minerals (e.g., gypsum) and poorly-crystalline oxides may not accumulate because of extensive leaching (e.g., Davis et al., 1993; O'Day et al., 1998; Jeong and Lee, 2003; Schuwirth et al., 2007) . However, in arid or semi-arid regions, soluble minerals and acidity persist near the weathering front because of a lack of fresh water, as has been shown for Cu-containing pyrite tailings in the Rio Tinto region of Spain (Hudson-Edwards et al., 1999) , in arid regions of Chile (Dold and Fontbote, 2001 ) and southeastern Spain (Wray, 1998; Navarro et al., 2004) . Associated weathering reactions can potentially sequester metals into neo-formed clay minerals, sulfate solids and (oxyhydr)oxides of Fe, Mn and Al (Jambor, 1994; Hudson-Edwards et al., 1996) .
As a result of the co-occurrence of high bio-available metal concentrations and low water availability (as well as low pH, high dissolved salts, and poor soil structure), many desert mine tailings are inhospitable for colonization by plants, which could physically stabilize tailings . This is mirrored by the 0883-2927/$ -see front matter Published by Elsevier Ltd. doi:10.1016/j.apgeochem.2009.09.010 resident microbial communities that tend to be depleted in heterotrophic relative to autotrophic biomass . Activities of the S and Fe oxidizing organisms promote acidification of tailings piles, which further hinders plant establishment. The lack of plant colonization has human health implications because metal-containing tailings particles, which are extremely vulnerable to wind and water erosion, can be mobilized to expose nearby communities and ecosystems (Plumlee and Ziegler, 2005) .
Since surficial tailings may contain high concentrations of toxic metals (e.g., Pb, Cd, Zn), it is necessary to know how ''labile" these particulate metal pools are, including the ease with which they are transferred between the solid and solution phases (Schaider et al., 2007) . This is particularly important since links between metal lability and toxicity have been clearly established (Maiz et al., 2000; Plumlee and Ziegler, 2005; Finzgar et al., 2007; Alvarenga et al., 2008) . Selective chemical extractions of geological samples, including tailings, provide quantitative indices of contaminant lability (Tessier et al., 1979; Sondag, 1981; Ribet et al., 1995; Dold, 2003b) . But they have also been criticized for non-specificity, incomplete dissolution of target phases, and potential for artifacts (Hall et al., 1996; McCarty et al., 1998; Calmano et al., 2001) . This is because it is difficult to interpret quantitative indices of element mobility, such as those provided by chemical extractions, without having additional micro-and/or molecular-scale information on the metal-containing particles themselves (Schulze, 1994; Dold, 2003a; Choi et al., 2005) .
Therefore, in the present work, the authors sought to combine chemical extractions of bulk tailings media with bulk and microfocused spectroscopy of particles within the mineral assemblage in order to better understand the specific phases controlling metal sequestration and release. The lability of metals was assessed quantitatively using chemical extractions. For the purposes of the current work, the ''labile fraction" is defined as that portion of the total solid-phase metal concentration that is extracted by diethylenetriaminepentaacetic acid (DTPA) in a single extraction step or, alternatively, by the water soluble plus exchangeable fractions removed in the first two steps of a sequential extraction scheme described more fully below. While such extractions tentatively assign metals to target phases undergoing solubilization, additional analytical methods were employed on the residual solids for direct confirmation. Grain-scale, mineral-metal associations were detected directly using differential X-ray diffraction (Schulze, 1994) , and micro-focused methods, including micro-X-ray fluorescence spectroscopy (Manceau et al., 2002; Bernaus et al., 2006; Chorover et al., 2008) and micro-Raman spectroscopy (Skoog et al., 1998) . Micro-Raman spectroscopy can detect micrometer sized particles of both crystalline and poorly-crystalline forms, even when the latter are amorphous to X-ray diffraction (XRD) (Filippi et al., 2007; Courtin-Nomade et al., 2008) . Despite its potential utility, there have been few prior applications of micro-Raman spectroscopy to mineral identification in mine tailings (Stefaniak et al., 2006) .
The objective of the current study is to relate particle composition to contaminant (Pb and Zn) lability in surficial mine tailings of the Arizona Department of Environmental Quality (DEQ) Klondyke State Superfund Site in southeastern Arizona. The Klondyke tailings were selected for study because they have been weathering in a semi-arid desert environment since their deposition more than 50 years ago. The microbial community composition of these tailings has been well studied ; and it shows a predominance of S and Fe oxidizers and very low heterotrophic bacterial counts. The latter is due, in part, to the fact that the tailings remain uncolonized by plants. Since natural plant colonization is rare in desert mine tailings, the authors' group is researching economical, biogeochemical strategies for phytostabilization of these systems (Grandlic et al., 2008) . High concentrations of metals -up to 15 g kg À1 Pb and 5 g kg À1 Zn -remain in surficial tailings in a wide range of pH environments (2.3 to 8.0), thereby serving as a principal source of contamination to an adjacent riparian ecosystem.
Site description
The Klondyke Superfund Site (ID# 1236) is located in Graham County, Arizona (N32 50.990 W110 20.552) within the Aravaipa Creek watershed. Lead and Zinc sulfide ore was mined in the region from the 1870s to the mid 1900s. A flotation mill, capable of concentrating up to 100 tons of ore per day, was built in 1942, and served the Head Center and Iron Cap mines until closure in 1958. Klondyke tailings derive from its operation from 1948 to 1958 (Simons, 1964) .
The ore bodies of both mines are low temperature hydrothermal deposits containing quartz, johannsenite, calcite and sulfides found in low angle faults either between bedding plains of the Horquilla limestone or between the Horquilla limestone and an overlying volcanic layer (Simons, 1964) . The Head Center and Iron Cap ores contained up to (in g kg À1 ) 380 Pb and 60 Zn, and 190 Pb and 350 Zn, respectively. The sulfide mineral composition of the deposited material, after metal extraction, was sphalerite (ZnS), galena (PbS), pyrite (FeS 2 ), and chalcopyrite (CuFeS 2 ) (Scott, 1988; Goodwin, 2000) . From preliminary assessments (Tummala and Humble, 1998; Goodwin, 2000) , the Arizona DEQ determined that the tailings exceed acceptable soil concentration levels for several toxic metals, including Pb, and therefore require remediation. The current project was motivated, in part, by a need to assess the potential for phytostabilization as a means of remediation.
Materials and methods

Field-scale variation in DTPA extractable metals
In a pre-screening of bio-available metal pools, the approximately 11,000 m 2 pile was sampled with precise locations documented by GPS in three transects, each comprising four or five sampling points ca. 30 m apart over the entire top of the tailings pile to obtain 13 samples from each of two depths (0-30 cm and 30-60 cm). Each sample was air dried, sieved to obtain the fine earth (<2 mm) fraction and then subjected to (i) measurement of pH and electrical conductivity (by electrode on aqueous solutions obtained from 1:1 mass ratio of tailings to 18 MX deionized water reacted for 1 h). The diethylenetriaminepentaacetic acid (DTPA) extraction, which provides a quantitative measure of plant-available metals (Amacher, 1996) , was performed in triplicate for each sampling location. For each replicate, 10.0 g tailings and 20.0 g DTPA solution were combined, shaken vigorously for 2 h then centrifuged at 43,870 relative centrifugal force (RCF) and filtered (0.2 lm) prior to solution phase analysis by inductively coupled plasma mass spectrometry (ICP-MS, Perkin Elmer SCIEX Elan DRC II, Shelton, CT). Following the initial screening, four samples (T 2.6 , T 3.9 , T 4.2 , and T 5.4 with subscripts denoting the saturated paste pH values) were selected for further detailed study using the methods discussed below. These samples have been referred to in previous publications as K4, T1, K6, and T2, respectively (Grandlic et al., 2008; Mendez et al., 2007; Vazquez-Ortega et al., in press) , and were collected from depths of 28-53 cm, 0-30 cm, 21-42 cm, and 0-30 cm, respectively. As with the screening samples, upon return to the laboratory, the four tailings were sieved to obtain the < 2 mm fraction, which was air dried for a period of 2 weeks, and then stored in covered, 5-gallon (19 L) containers at room temperature. Particle size separation was performed in triplicate using the pipette sedimentation method (Burt, 2004) . The tailings were dispersed in 50 mL of 0.058 M sodium hexametaphosphate (NaPO 3 ) 6 and 0.075 M Na 2 CO 3 solution at low speed on a reciprocal shaker for 24 h prior to removal of the sand fraction by sieving. The silt and clay were transferred into a 1 L graduated cylinder for sedimentation, and the clay content was sampled after 3 h 38 min at 23°C. After further settling, clays were decanted and the silt fraction was washed in pH 9.5, 1.0 mM Na 2 CO 3 solution, and then pelleted by centrifugation. The clay-containing supernatant suspension was added to the decanted clays and flocculated using NaCl. The clay suspension was then desalted by dialysis (VWR, Spectrapor MWCO 12-14 k, 25225-260) . A portion of the clay suspension was used for creating oriented clay slides for XRD analysis, the remainder was freeze-dried.
Particle digestion and total elemental analysis
Duplicate composite samples (11 g) of each tailings material were subjected to total elemental analysis (Activation Laboratories, Ontario, Canada). Methods included neutron activation analysis, and total HF-HNO 3 -HCl-HClO 4 digestion, lithium metaborate/tetraborate fusion followed by HNO 3 digestion, prior to solution phase analysis by ICP-MS. Triplicate determinations of total and inorganic C and total nitrogen were performed on the solid phase using a Shimadzu TOC-VCSH analyzer (Columbia, MD) with a solid state module (SSM-5000A).
Bulk and clay mineral composition
Crystalline mineral composition of the tailings was determined by a combination of synchrotron-radiation (SR) and laboratorybased X-ray diffraction (XRD). SR-XRD was conducted at the Stanford Synchrotron Radiation Laboratory (SSRL) on Beamline 11-3, operating at $12,700 eV, using a Mar detector with a 345 mm radius with 100 lm pixels. Ring potential at SSRL was 2 GeV, and current varied from 100 to $40 mA during data collection. Random powder diffraction patterns of bulk tailings were collected in transmission mode with the sample encased in Scotch Magic matte finish tape and placed 150 mm from the detector, corresponding to a d-spacing range of 1.47-48 Å. The sample was scanned over a 1 mm 2 section normal to the beam in 64 points (8 Â 8 grid). Five or more scans were collected for each sample for subsequent addition to avoid detector saturation from the quartz peaks. Data were reduced using the Area Diffraction Machine software with a mask covering the beamstop (Lande et al., 2007) . The patterns were added, reduced, converted to Cu Ka scale, and analyzed using X'Pert software (X'Pert Highscore Plus, version 2.1b). Spectra were aligned to the quartz peak at 39.50°2h, and normalized to 50,000 counts for the same peak, assuming that all samples have roughly the same mass fraction of quartz. To image the peaks lost during the sequential extraction steps, the diffractograms were analyzed using the differential pattern analysis method (Dold, 2003b) . Diffractograms were aligned in X'Pert Pro by slightly adjusting the peak heights and position. Following pre-minus post-pattern subtraction, difference patterns were analyzed.
The tailings clay (<2 lm) fraction was analyzed using laboratory-based XRD (Panalytical X'Pert PRO). The clay suspension from the particle size separation was used to create oriented clay slides (Jackson, 1985) . Magnesium saturated clays were analyzed first, then again after their saturation with glycerol, and with formamide. Potassium saturated clays were analyzed at room temperature and after 1 h heat treatment at 100, 300 and 550°C. Diffraction intensities were collected from 2 to 30°2h with a stepsize of 0.01°2h, and a dwell time of 2 s/step.
Aqueous extraction
The four tailings were extracted in triplicate in 50 mL PPCO centrifuge tubes at unit solid/solution mass ratio in ultrapure (18 MX) water. Samples were reacted for 24 h on an end-over-end mixer (10 rpm). The solution phase was separated by centrifugation at 43,870 RCF for 20 min and filtered (Acrodisk, 0.2 lm) before chemical analysis. Solution pH and EC were measured by electrode. Dissolved organic C and N were measured using a Shimadzu Total Carbon Analyzer (TOC-VCSH). Anions were measured by ion chromatography (Dionex Ion Chromatograph DX-500, Sunnyvale, CA) with an AS-11 column and a NaOH mobile phase. Metal(loid)s were measured by ICP-MS.
Sequential chemical extraction
A 6-step method developed for Cu mine tailings (Dold, 2003b ) was used to measure the quantity of metals extracted into operationally-defined pools targeting specific phases. The procedure involved addition of 1.0 g of air dried tailings to 50 mL Teflon centrifuge tubes in triplicate followed by the following reaction sequence: (i) 18 MX water extraction (25°C, 1 h) that targets soluble salts such as gypsum, (ii) 1.0 M ammonium acetate (pH 4.5, 25°C, 2 h) that targets sorbed species, and calcite, (iii) 0.2 M ammonium oxalate (pH 3.0, 25°C, 2 h) that targets short-range-order Fe, Al and Mn (oxy)hydroxides and poorly-crystallized jarosites (referred to hereafter as ''AAO 25°C"), (iv) 0.2 M ammonium oxalate (pH 3.0, 80°C, 2 h) that targets long-range-order Fe, Al, and Mn (oxy)hydroxides and well-crystallized jarosites (referred to hereafter as ''AAO 80°C"), (v) 30-35% H 2 O 2 in 1.0 M ammonium acetate (pH 4.5, 60°C, 2 h) that oxidizes organic matter and secondary supergene sulfides, (vi) 750 mg of KClO 3 and l5 mL 12 M HCl (25°C, 30 min) with 10 mL of 18 MX water added for dilution before centrifugation and decanting the supernatant prior to reacting pellets with 25 mL of 4 M HNO 3 (90°C, 20 min) that targets primary sulfides. Triplicate samples of the residual solids were harvested after rinsing 3 times with ethanol, followed by freeze-drying and XRD and X-ray absorption spectroscopy analysis. After each step, the pellets were rinsed with 30 mL of 18 MX water, the combined supernatant and wash solutions were collected by centrifugation, filtered using a 0.2 lm Acrodisk filter, acidified to pH 2, and analyzed by ICP-MS for metal concentrations.
X-ray absorption spectroscopy
The freeze-dried solid phase harvested at each step during the sequential extraction was analyzed by Pb L III edge extended X-ray absorption fine structure (EXAFS) spectroscopy at GSE-CARS beamline 13-BM at the Advanced Photon Source (Argonne National Laboratory, IL). Measurements were made at room temperature using a 13-element Ge detector. Further investigation of the unextracted and post-AAO 80°C extracted pellets were performed using an Oxford cryostat operating at 4 K on beamline 11-2 at SSRL with the Si 220 U = 0 monochromator crystal with a 32-element Ge detector. A minimum of three scans were collected in transmission for references and 10-15 scans were collected in fluorescence mode for samples. The spectra were analyzed using Sixpack (Webb, 2005) as described elsewhere (Hayes et al., in press) . Briefly, the spectra were calibrated to the Pb L III edge (E 0 = 13,035 eV), averaged, and the EXAFS portions of the spectra were extracted prior to analysis by principle component analysis (PCA), and target transform analysis (TTA) (e.g., Scheinost et al., 2005) . Simple two-component linear combination of reference standards were used to fit EXAFS regions for the data discussed here.
Grain phase identification and elemental associations 3.3.1. Preparation of thin sections
Thin sections were prepared using an epoxy impregnation procedure (Arai et al., 2003) . Tailings were placed into a 50 mL beaker that was then gradually filled with EPOTEC 301-2FL epoxy while under vacuum to remove air bubbles. Embedded samples were cured for 3 days under vacuum before being sent to Spectrum Petrographics (Vancouver, WA), where they were thin sectioned to 30 lm, polished on both sides, and mounted on quartz slides.
X-ray fluorescence spectroscopy
X-ray fluorescence elemental mapping was performed on beamline 2-3 at SSRL using a Si220 U = 0 monochromator crystal and a single element vortex detector. The scans were collected with 2.5 lm stepsize and a dwell time of 250 ms. The thin sections were placed directly in front of the X-ray beam (13050 eV), just above the Pb L III absorption edge. The XRF maps were analyzed using SMATK (Webb, 2006) . Each map is linearly scaled from lowest counts (black) to highest counts (white).
Micro-Raman spectroscopy
Micro-Raman spectroscopy was employed using a benchtop Nicolet Almega XR dispersive Raman instrument with either a 10x or 50x focusing objective for phase identification of the same particles mapped with XRF. Using the 10x objective, the 532 nm laser probes a 1 lm spot size. Spectra were collected using Omnic software (Thermo Scientific version 7.4, Madison, WI), and analyzed using Crystal Sleuth software by comparison to reference spectra in the RRUFF database (Downs, 2006) .
Results
Tailings physical-chemical properties
The initial samples were analyzed for pH, EC and DTPA extractable metals to assess trends in metal phyto-availability (Amacher, 1996) across the tailings pile. Contour plots of selected constituents based on data kriging demonstrate the large spatial distribution of pH and metals (Fig. 1) . While the principal interest relates to the contaminants Zn and Pb, data are included on Al, Fe and Mn because these metals were found to show interesting bulk and particle-scale relationships with the contaminant metals. The top row in Fig. 1 shows chemical data for the 0-30 cm depth, whereas the bottom row depicts the same for the 30-60 cm depth. Extractable Mn and Zn in the surface and subsurface appear to follow linear trends in pH ( Fig. 2c and e) , and also exhibit correlation with each other (Figs. 1 and 2g) . Both Fe and Pb show weaker linear dependence on pH ( Fig. 2d and f) . DTPA extractable Al decreases with pH (Fig. 2b) . There is no strong effect of sampling depth on the mass of metals extracted by DTPA at a given pH.
Based on these initial findings, it was speculated that variation in metal lability (as reflected in DTPA extractions) varies across the tailings because of variation in grain-scale mineralogy and geochemistry. To test this, four samples were selected from the locations indicated in the pH plots of Fig. 1 , and subjected to detailed analysis. Certain baseline physical and chemical properties such as texture, organic C, total N, total S, and electrical conductivity, of the four samples selected for in-depth characterization (Table  1) were very similar, while the pH (2.6-5.4) varied significantly, suggesting that other chemical properties (e.g., metal lability) may likewise vary. All samples have a similar particle size distribution, ranging from 50-62% sand, 19-33% silt, and 8-11% clay by mass. The tailings all give rise to pore waters with high electrical conductivity (3.0-5.6 mS cm À1 ), and low dissolved organic C and N. Solid-phase inorganic C was below detection limit (<66 mg kg À1 ) for all but T 4.2 (590 mg kg À1 ). Total elemental concentrations of the tailings are given for selected elements in Table  2 .
Bulk and clay mineralogy
Several primary minerals (listed in bold font in Table 3 orthoclase (Fig. 3) . Other primary minerals present in the tailings include pyroxenes, andradite and axinite. Importantly, essentially no primary sulfides were detected using either bulk XRD or S near edge X-ray absorption fine structure (NEXAFS) spectroscopy (data not shown) in these surficial tailings, even when accounting for the smaller absorption cross section of sulfides. Oriented clay patterns (Jackson, 1985) .
(not shown) contain a strong peak at 1.0 nm d-spacing that is unchanged by saturation or heat treatment. This peak is observed in the silt and clay size fractions, but not in the sand fraction, suggesting that fine-grained mica (sericite) could be present and weathering to the clay mineral illite or another secondary clay. Support for the latter possibility is contributed by companion EX-AFS studies, reported elsewhere (Hayes et al., in press) , that indicate the presence of Zn-talc, a secondary phase with 1.0 nm 001 d-spacing that has been identified in a variety of Zn-contaminated environments (Schlegel et al., 2001 ). This phase may not have sufficient long-range-order required for detection by XRD. Kaolinite, a common weathering product of feldspar, was also detected in T 4.2 . Among the secondary sulfate phases, gypsum and jarosite were predominant (Fig. 3) ; both are common secondary phases in arid mine tailings systems (Jambor, 1994) . Some rough pH trends in mineralogy are evident. In particular, with decreasing pH, abundances of andradite and axinite decrease, whereas those of orthoclase and jarosite increase.
Single and sequential extractions
The total mass and lability of contaminant metals in the tailings, as judged by total digests and sequential extractions, respectively, vary considerably with tailings pH (Table 2 and Fig. 4 ). For the purposes of this paper, the ''labile" fraction is defined as that portion of the total metal pool that is soluble or exchangeable, i.e., extracted from the tailings during the water plus ammonium acetate steps of the sequential extraction. Additionally, the dissolution of the mineral phases targeted by each step of the sequential extraction was necessarily confirmed, as sequential extractions are operationally defined and do not necessarily completely and selectively dissolve only the target phase. For all tailings, most of the Al, Fe and Mn is immobile during the sequential extraction and is recovered in the residual fraction, whereas the Pb and Zn pools indicate greater lability (as measured by the fraction of each that is solubilized during the sequential extraction) (Fig. 4b) . Large acid ammonium oxalate (AAO) 25°C and acid-extractable pools of Mn are present in the higher pH tailings. Most of the Fe appears to be residuallybound in primary silicates, but a significant fraction is also solubilized in the AAO 80°C extraction, targeting longer-range order Fe oxy(hydroxides) and jarosites. The fractions of Pb and Zn released during sequential extraction are substantially greater than those for Al, Mn and Fe, although they are most often represented by lower total concentrations (Fig. 4b) . This observation is consistent with the much higher values of DTPA extractable (i.e., bio-available) Pb and Zn relative to Al, Mn and Fe (Figs. 1 and 2) . The tailings-bound Pb exhibits low water solubility (0-1.3%) in all samples. T 3.9 and T 5.4 contain larger acetic acid exchangeable fractions (17% and 33%, respectively) than T 2.6 and T 4.2 (2% and 4%, respectively). Only a small fraction of Pb is removed in the acid ammonium oxalate (AAO) extractions (8-18%), but a larger portion (7-36%) is extracted in the subsequent H 2 O 2 extraction targeting supergene sulfides and organic matter. However, this large H 2 O 2 extractable Pb pool appears to be an artifact of Pb-oxalate precipitation during the preceding steps, as discussed below. The acid extraction also removes a significant fraction of Pb. This is particularly apparent in the case of T 2.6 , where the jarosite does not dissolve in either AAO step, but does in the later acid extraction step, wherein 55% of the total Pb was removed (Fig. 4b) .
Zinc has a larger extractable fraction than Pb for each sample, including a significant portion that is water soluble (0.6-37%) (Fig. 4 and Table 2 ). The acetic acid exchangeable fraction increases from 1% to 41%, with increasing pH. The higher pH tailings also have a larger fraction of Zn that is extractable in AAO at 25°C, whereas the low pH tailings have more Zn extracted in AAO at 80°C. The release of Zn in the AAO 80°C extraction is consistent with the presence of Zn in association with Fe (oxy)hydroxides at low pH, and this is supported by bulk EXAFS (Hayes et al., in press ). The residual fraction decreases with increasing pH (from 50% to 0%). For the higher pH tailings, the mass sum of the sequentiallyextracted Zn equals or slightly exceeds that measured in the total digestion such that a residual fraction is not detected.
X-ray diffraction of bulk residues
The water and AAO 80°C extraction steps resulted in the most significant changes in XRD patterns, as illustrated here using T 3.9 as a representative example. Fig. 5 includes only those patterns for which sequential extraction steps indicated the removal of pertinent XRD peaks. These diffractograms include those of (i) unextracted tailings, (ii) the difference diffractogram derived from subtracting water extracted from unextracted tailings, (iii) post-AAO 25°C reacted tailings, and (iv) residual tailings. Gypsum, removed in the water extraction, is evident in the unextracted tailings, but not the post-AAO 25°C pattern. Differential XRD indicates that gypsum is removed during the water extraction step; gypsum peaks are dominant in the difference diffractogram obtained by subtracting the pattern for post-water extraction from that obtained prior to water extraction. Likewise, jarosite is evidently removed during the AAO 80°C extraction because peaks for this phase remain following the AAO 25°C extraction step, but they are absent from the diffractogram following AAO 80°C extraction (not shown). Interestingly, this was not the case for T 2.6 , where jarosite peaks were removed only after the acid extraction step. In any case, for all tailings, jarosite peaks were absent from the residual diffractogram (Fig. 5) . Goethite and hematite, should also be dissolved in the AAO 80°C step, but their dissolution is difficult to discern using XRD or DXRD for bulk tailings because their strongest diffraction peaks are overlain by quartz peaks. Goethite and hematite were, however, readily identified in XRD of the clay size fraction (data not shown). Peaks in the diffraction pattern of the ''residual" fraction show only silicate phases that resist the vigorous KClO 3 /HCl/HNO 3 extraction.
X-ray absorption spectroscopy of bulk residues
A detailed discussion of tailings EXAFS data analysis is outside the scope of this paper and is the subject of a companion manuscript (Hayes et al., in press ). However, of direct relevance to the current study are results that indicate an important artifact during the sequential extraction of Pb. To assess this effect, bulk Pb L III edge EXAFS measurements were performed as part of this study, on solid-phase residues from the sequential extraction.
In unextracted tailings, Pb speciation is dominated by plumbojarosite, along with smaller amounts of AA-soluble anglesite, and adsorbed species (Hayes et al., in press ). However, all tailings, particularly the three higher pH samples, exhibit a dramatic change in the Pb L III edge EXAFS spectra following AAO 80°C extraction (Fig. 6) . The minimum of the indicator function from principal components analysis (Wasserman et al., 1999) indicates that the eight spectra (unextracted and post-AAO 80°C) can be adequately 6 . Formation of Pb-oxalate from plumbojarosite dissolution during the sequential extraction. Lead L III edge EXAFS spectra of tailings samples after they have been subjected to high temperature, acid ammonium oxalate extraction (AAO 80°C). Data are shown in solid lines and the linear combination fits (LCFs) using just two references (plumbojarosite and Pb-oxalate) are shown in dashed lines. Reference spectra are shown in bold with their mathematical reconstructions (dashed lines) from target transfer analysis, which was used to determine the suitability of the reference spectra for use in LCF. described with only two components. Additionally, target transform of plumbojarosite and Pb-oxalate (PbC 2 O 4 ) reference spectra low SPOIL values, (2.4 and 4.1 for Pb-oxalate and plumbojarosite, respectively) indicating that both are likely components of the sample spectra (Manceau et al., 2002) . Hence, the spectral change observed corresponds to the dissolution of plumbojarosite (which is targeted by the AAO 80°C extraction) followed by the precipitation of PbC 2 O 4 , an oxalate solid that exhibits low water solubility (log K sp = À8.07) (Skoog et al., 1996) . Spectra for all tailings indicate that some fraction of Pb re-precipitates as PbC 2 O 4 , with T 2.6 showing the lowest fractional conversion (Fig. 6 ). This observation is consistent with the XRD results showing that jarosite was not effectively solubilized in T 2.6 until the acid extraction. In all cases, the oxidation of oxalate by H 2 O 2 after the AAO reaction solubilizes the Pb that was retained in PbC 2 O 4 , such that subsequent release represents the mass precipitated as PbC 2 O 4 (Fig. 4b) . Therefore, this pool of Pb can not be assigned to native organically-bound Pb, or supergene Pb sulfides, which are the phases that are targeted by the H 2 O 2 extraction step. The very low organic C contents of the tailings (Table 1 ) and the lack of XRD (Table 3) or Sulfur NEXAFS (data not shown) detectable sulfides are consistent with this conclusion.
Particle-scale elemental mapping and identification
Individual grains enriched in Pb or Zn were identified in microfocused X-ray fluorescence (l-XRF) mapping of thin sections, and subsequently probed using micro-focused Raman spectroscopy (l-Raman) for phase identification. Representative elemental XRF maps are shown in Figs. 7 and 8 for T 2.6 and T 4.2 , respectively.
The XRF maps reveal clear elemental correlations that were frequently observed between contaminant metals and framework elements. In both figures, the correlation plots indicate that Pb is consistently collocated with S and Fe, but that both Fe and S also occur in particles with low Pb counts. Zinc is clearly collocated with Mn in T 4.2 , but gives low counts in T 2.6 . The same particles imaged using l-XRF were also probed using l-Raman in order to identify the specific mineral phase of contaminant-containing particles. These grains are identified in the l-XRF maps of Figs. 7a and 8a, and the corresponding Raman spectra are shown in Figs. 7c and 8c. It is worth noting that the presence of most of the phases identified using bulk XRD were confirmed at the particle-scale with lRaman ( Table 3) .
Correlation of Pb-Fe counts in T 2.6 (Fig. 7b) indicates three different populations for three different locations, spots 1-3, each corresponding to a discrete particle or aggregate indicated on the XRF map (Fig. 7a) . A low Fe, high Pb, high S aggregate was identified as plumbojarosite (Fig. 7, spot 1) , and a high Fe, low Pb particle was identified as hematite (Fig. 7, spot 2) , and the high Fe, moderate Pb particle (Fig. 7, spot 3) was identified as goethite. T 4.2 shows similar Pb-Fe correlation, including collocation of Pb, Fe and S in a plumbojarosite aggregate (Fig. 8, spot 7) . The other Fe-rich particles in Fig. 8 have been identified as goethite.
Zinc is clearly collocated with Mn in all tailing samples, except in T 2.6 , where both Zn and Mn total concentrations were substantially lower (Fig. 2a) . The Zn-Mn collocations occur as reaction rinds on pyroxene particles (e.g. Fig. 8a, spot 10 ) or in particles represented by large aggregates (Fig. 8a, spots 11-12 ) that contain hedenbergite, johannsenite, and andradite in a matrix of manjiroite (e.g. spot 11), which apparently acts as a sorbent for Zn. At low pH, Fig. 7 . Lead and Zn containing phases in T 2.6 . (A) XRF map (see Table 3 for abbreviations of mineral in Si map), (B) Pb-Fe, Pb-S, and Zn-Fe correlation plots from the XRF map, (C) Micro-Raman spectra showing grain-scale mineral phase identification (spectra shown in solid lines and RRUFF references shown in dotted lines).
the Zn has a strong correlation with iron ( Fig. 7b) , indicating the possible re-adsorption of Zn to Fe oxides after dissolution of the Mn-oxides (Fig. 7a and c, spot 3 ).
Discussion
Role of parent mineral weathering
The Klondyke tailings samples range in pH from 2.6 to 5.4, but several other physical and chemical properties are similar, which allows for a comparison of the relationship between sample pH and geochemical composition (Tables 1 and 3 ). The tailings primary minerals are expected to weather in a manner consistent with previously described weathering series (Goldich, 1938; Reiche, 1950; Loughnan, 1969; Sverdrup, 1990; Velbel, 1999) , listed here in order of presumed decreasing dissolution rate for this particular site: sulfides (galena, sphalerite, pyrite), calcite, andradite, axinite, pyroxenes (hedenbergite and johannsenite), K-feldspars (orthoclase), and quartz. In this progression, sulfide weathering is accompanied by a drop in pH (buffered by carbonate dissolution if present), and by secondary sulfate and oxide mineral precipitation or translocation of ions (Hudson-Edwards et al., 1996) .
Nesosilicate, cyclosilicate and chain silicates are expected to weather before feldspars, and they are an important source of Fe, Mn and Ca to the system (Huang, 1989) . Hence, the fact that andradite (nesosilicate) and axinite (cyclosilicate) are most prevalent in T 5.4 suggests that silicates in this tailing sample have undergone the least weathering (Sverdrup, 1990) . Despite no noticeable difference in the relative amount of pyroxenes from XRD (Fig. 3) , the relative enrichment of andradite and axinite in high pH tailings, and of orthoclase and jarosite in low pH tailings, suggests that the extent of tailings weathering increases with decreasing pH.
Most of the Fe in the tailings survives into the residual fraction containing the Fe silicates andradite, axinite and hedenbergite (Fig. 5) . The extractable mass of Fe is primarily from the AAO 80°C step that targets crystalline Fe (oxy)hydroxides (goethite, hematite) and Fe (hydroxy)sulfates (jarosite, plumbojarosite). The one exception to this trend is with T 2.6 , where (according to XRD results) the final HNO 3 acid extraction step was the one that dissolved, in this case, well-crystallized jarosite that survived the AAO extractions, resulting in a large release of Fe and Pb (Fig. 4) . The highly-crystalline character of the jarosite and substantial release of Fe in the AAO 80°C extraction suggest that T 2.6 has been subjected to the greatest weathering extent. The aqueous geochemical conditions in T 2.6 (pH = 2.6, [SO 4 ] = 5.9 g kg À1 as depicted in Table 1 ) favor jarosite stability; its precipitation is mediated bacterially at pH < 2.5 with SO 4 concentrations greater than 3 g kg À1 (Bigham et al., 1996; Bigham and Nordstrom, 2000; Lottermoser, 2003) . Iron weathers from the primary sulfide and silicate phases (pyrite, andradite, Fe-axinite and hedenbergite) to jarosite, plumbojarosite, goethite and hematite. The secondary Fe sulfates and (oxyhydr)oxides, in particular, are high affinity sinks for toxic metals and their formation in the Klondyke tailings appears to be an excellent sequestration mechanism for Pb 2+ ions released during primary sulfide dissolution. Total Mn in the tailings is found to decrease with decreasing pH, suggesting that a portion is lost due to weathering-induced translocation (Table 2 and Fig. 4a ). This trend is mirrored in the initial sampling that shows that DTPA extractable Mn decreases with progression to lower pH (Fig. 2) . Whereas the residual Mn fraction increases with acidification, the total pool of residual Mn decreases (Table 2 ). These data suggest the preferential dissolution of more soluble Mn-bearing phases during weathering. Specifically, the mixed-valence Mn oxides, manjiroite and chalcophanite, present in the higher pH samples, contribute to the substantial mass of Mn extracted by AAO at 25°C (Fig. 4b) . Thus, while johannsenite and Mn-axinite weather to chalcophanite and manjiroite, these phases are only metastable and they are subjected to dissolution and leaching loss with further weathering. As suggested by the Table 3 l-XRF and l-Raman data, these intermediate Mn-oxide phases can act as effective sinks for Zn that is released from sphalerite weathering, thereby reducing its lability.
In summary, trends in mineral prevalence and metal extractability suggest that the pH variation in the Klondyke surface tailings represents a weathering gradient, with the pH decline signaling time-progressive tailing acidification. Evidence to support this assertion includes the following results discussed above: (i) presence of carbonate only in T 4.2 , (ii) depletion of gangue neso-and cyclo-silicates (andradite and axinite) with increased tailings acidification, (iii) persistence at low pH of kinetically-stable orthoclase and quartz relative to more soluble silicates, (iv) accumulation of kaolinite in T 4.2 , (vi) accumulation of well-crystallized jarosite, and, importantly, (vii) decreasing lability of both Pb 2+ and Zn
2+
. This latter effect is discussed in more detail in the following section.
Consequences for contaminant metal lability
For Pb and Zn, elemental correlations with Fe and Mn, respectively, have been observed both at the field scale and at the particle-scale (Figs. 1, 2, 7 and 8). The source of these correlations relates directly to the weathering trajectories described above.
Lead is effectively sequestered into plumbojarosite, which becomes increasingly stable, and whose crystallinity increases, as weathering progresses, to more acidic pH. As a result of this effective sequestration, total Pb concentrations are not diminished over the course of mineral weathering in the tailings piles. The increasing recalcitrance of Pb in sulfate solids is consistent with the sequential extraction data that show a progressively larger fraction of Pb is incorporated into well-cystallized jarosite (and/or Fe oxyhydroxide) solids that are generally dissolved in the AAO 80°C extraction steps (as indicated by XRD), but not until the acid extraction step for the most acidified sample, T 2.6 . This influence of tailings pH on the speciation of Pb is reflected in the progressive growth of the fraction extracted by the sum of AAO 80°C, H 2 O 2 and acid extraction steps. As pointed out earlier, since Pb extracted by AAO 80°C precipitates to form Pb-oxalate solids that are solubilized in the H 2 O 2 step (Fig. 5) , it is contended that the sum of the AAO and H 2 O 2 extraction steps provides an estimate of Pb mass associated with Fe sulfate and (oxyhydr)oxide solids. Since plumbojarosite stability and crystallinity increases with decreasing pH, this suggests that Pb lability has decreased with increased weathering of the tailings piles. One measureable indication of this is that the water-extractable Pb decreases by a factor of 40 from T 5.4 to T 2.6 while total Pb decreases only by a factor of 4.
EXAFS results also indicate that a low recovery of Pb in oxalate extractions does not necessarily imply a low mass abundance of oxalate soluble mineral solids. In the case of Pb, not all trends in speciation can be related to pH variation alone, and a depth dependence in Pb lability is apparent. Tailings taken from the 0-30 cm depth (T 3.9 and T 5.4 ) both show larger acetic acid (AA) extractable pools relative to those sampled from the 28-53 cm and 21-42 cm depths (T 2.6 and T 4.2 , respectively), which suggests a more labile (e.g., exchangeable) form of Pb is present in these surficial tailings.
Total Zn concentration decreases by roughly an order of magnitude with decreasing pH (Fig. 2a) . A significant fraction of Zn is extracted by AAO (Fig. 4b) , which dissolves the Mn oxides chalcophanite and manjiroite. That is, weathering of Mn-bearing silicate (axinite, johannsenite) phases gives rise to Mn oxides that effectively sequester Zn in co-precipitates (chalcophanite) or in high affinity sorption complexes (manjiroite). However, these solids are metastable in the tailings environment, and their loss from the tailings matrix seems to result in a concurrent leaching loss of Zn from the solid phase. Some of the Zn is scavenged by Fe (oxy)hydroxides, which are persistent in the low pH tailings. In addition, solid-phase speciation of Zn likely includes a Zn-talc phase, whose presence is suggested by the contribution of a unique component to the Zn K-edge EXAFS spectra, as discussed in a companion paper (Hayes et al., in press ).
Conclusions
This study shows that weathering-induced acidification of highly-oxidized desert tailings can affect the solubility dynamics of residual metal mass. Lead partitions primarily into plumbojarosite aggregates, and since plumbojarosite is favored by low pH and high dissolved SO 4 conditions, the jarosite-bound Pb appears to become increasingly recalcitrant with tailings acidification coincident with increasing crystallinity of the jarosite host phase.
The mobility and fate of Zn appears coupled to the weathering of Mn-bearing solids. In particular, Mn(II) primary silicates, johannsenite and Mn-axinite, weather incongruently to form mixedvalence Mn oxides, manjiroite and chalcophanite. These secondary products seem to act as high affinity sinks for Zn. The prevalence of these mixed-valence Mn solids decreases with decreasing tailings pH. This likely explains the correlated decrease in total Zn concentration and the possible sorption of Zn to Fe (oxy)hydroxides at low pH. Whereas the DTPA and sequential extraction results show a decrease in the labile fraction and pool size of Zn with increased tailings acidification, the total concentration of both Mn and Zn also decrease with acidification, suggestive of their leaching loss during weathering.
